Introduction {#sec1}
============

The prevalence of post-transplant infection has been reported from 41% to 56% in liver transplant recipients \[[@cit0001]\], with two-thirds being bacterial \[[@cit0002], [@cit0003]\]. It has been reported that 80% of recipients are found to have at least one infection during the first post-transplant year \[[@cit0004]\]. Opportunistic infections are generally absent during the first month after transplantation, since the full effect of immunosuppression is not yet present. Infections such as viraemia and candidaemia in this period are generally donor-derived or recipient-derived, or they are associated with technical complications of surgery \[[@cit0005]\]. Conversely, infectious complications during the late transplant period continue to impose a high clinical burden, with 85% occurring 6 months after transplantation \[[@cit0006]\]. These conflicting reviews on early and late post-transplant infections and their effect on outcomes in transplant recipients need further exploration to decrease post-transplant morbidity and mortality.

Moreover, immunologic and technical advances have improved infection control and post-transplant graft and patient survival, but improvements in immune monitoring and rejection management are required to increase the rates of re-transplantation success \[[@cit0007]\]. Re-transplant outcomes are poorly understood in liver transplants especially amongst patients receiving living donor transplants. It has been reported that re-transplantation outcomes after living donor liver transplants are not different from other re-transplant procedures despite the greater severity of illness in these patients \[[@cit0008]\].

The use of adult-to-adult living donor transplants (ALDLT) was first reported in the United States in 1998 \[[@cit0009]\]; it has now reached figures of over 1600 patients transplanted at 94 centres across the US \[[@cit0010]\]. We used data from the Adult-to-Adult Living Donor Liver Transplant Study (A2ALL), the largest North American experience of living donor liver transplants (LDLT) \[[@cit0011]\] to explore the timing and effect of first post-transplant infection on outcomes in living versus deceased donor transplants. Specific aims including the differences found between living versus deceased donor transplant recipients and early versus late post-transplant periods were focused on.

Material and methods {#sec2}
====================

Study sample {#sec2.1}
------------

The A2ALL consisted of both retrospective and prospective studies of LDLT. Legacy data from the A2ALL retrospective cohort are housed in the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) Data Repository \[[@cit0012], [@cit0013]\]. The current study was approved by the Institutional Review Board at Rhode Island Hospital and the approval submitted to NIDDK data repository for the acquisition of A2ALL data.

The A2ALL Study aimed to determine the survival benefit of ALDLT. Starting at the time a potential ALDLT recipient identified a potential donor (defined as the date of initial potential donor history and physical examination), survival of those who eventually received an ALDLT was compared with those who continued on the waiting list for a deceased donor liver transplant. Comparisons of ALDLT recipients to recipients of deceased donor liver transplants (DDLT) have been reported in several A2ALL publications \[[@cit0010], [@cit0011], [@cit0014]\]. For the purposes of the current study, data collected for the overall study objective were used to focus on details of infections and transplant and re-transplant outcomes of recipients of both LDLT and DDLT.

The A2ALL retrospective cohort comprised 819 adult patients. The A2ALL data for this study include 612 patients who had a potential living donor (207 patients did not have data on post-transplant infections and were excluded). Of these 612 potential recipients receiving LDLT or DDLT, 611 had follow-up data entered (1 patient had incomplete follow-up data and was excluded from the survival analysis).

Outcome measures {#sec2.2}
----------------

The primary endpoints for this analysis were death, graft failure and re-transplant. The secondary endpoints included types and timings of first post-transplant infections. The relationship of the timing of infection to outcomes was split by early and late infections. Patients were divided into groups based on whether they had episodes of first post-transplant infection beyond 1 month after transplant or beyond 1 year after transplant such that:

-   early post-transplant infections occurred ≤ 30 days,

-   early-late post-transplant infections occurred \> 30 days ≤ 1 year,

-   late post-transplant infections occurred \> 1 year.

The relationship of type of infection to outcomes was split by bacterial, viral and fungal infections.

Statistical analysis {#sec2.3}
--------------------

All analyses were carried out using SAS version 9.4 (The SAS Institute, Cary, NC). Each of the primary endpoints represented events occurring over time and so a combination of Kaplan-Meier estimated survival analysis and proportional hazards (Cox) regression was used. The Wilcoxon weighting of the χ^2^ test statistic, which reduces the influence of differences as the effective sample size decreases over time, was used when comparing estimated survival functions. All time-to-event outcomes were right-censored at 2 years, as effective sample sizes became prohibitively small (\< 20) after this length of follow-up for most analyses. Proportional hazards regressions were constructed with both time-invariant and time-varying covariates, depending on the hypothesis being tested. For hypotheses containing more than one factor, fully factorial models were constructed including all higher order interactions. Non-significant interactions were removed in a backwards stepwise fashion, but the original main effect factors were left in each model. Alpha was conventionally set to 0.05. All model parameters (e.g. mean, hazard ratio) were presented with their 95% confidence intervals. Factors such as disease severity of recipients prior to transplant, type and quality of graft used, surgical and medical complications, and all other factors previously published in the A2ALL studies \[[@cit0015]-[@cit0020]\], were accounted for statistical interactions in our study. No significant interactions (*p* \> 0.05) were found.

Results {#sec3}
=======

Out of a total of 612 patients, 611 were included in the survival analyses (1 DDLT patient had incomplete data). The average age of the patients was 50.0 ± 10.7 years with 354 (57.8%) males and 258 (42.2%) females. The donors were either cadaveric (220; 35.9%) or living (392; 64.1%). The most common primary diagnosis was cirrhosis due to hepatitis C virus (18.5%). The baseline demographics, infections and outcomes overall and split by LDLT versus DDLT are displayed in [Table 1](#t0001){ref-type="table"}. The demographics of LDLT versus DDLT were comparable except for the mean ages of the two groups where LDLT was 49.2 ± 11.0 years and DDLT was 51.4 ± 10.1 years (*p* = 0.013).

###### 

Demographics, infections and outcomes amongst the transplant recipients

  Characteristics    Overall (*N* = 612)   LDLT (*n* = 392)   DDLT (*n* = 220)
  ------------------ --------------------- ------------------ ------------------
  Age                50.0 ± 10.7           49.2 ± 11.0        51.4 ± 10.1
  Gender                                                      
   Male              354 (57.8%)           225 (57.4%)        129 (58.6%)
   Female            258 (42.2%)           167 (42.6%)        91 (41.4%)
  Infection type                                              
   Bacterial         215 (35.1%)           141 (36.0%)        74 (33.6%)
    Wound            66 (10.8%)            42                 24
    Bile duct        45 (7.4%)             37                 8
    Blood            103 (16.8%)           71                 32
    Liver            14 (2.3%)             12                 2
    Pulmonary        59 (9.6%)             36                 23
    CNS              2 (0.3%)              2                  0
    Urinary tract    64 (10.5%)            37                 27
   Viral             27 (4.2%)             13                 14
    Wound            0 (0.0%)              0                  0
    Bile duct        1 (0.2%)              1                  0
    Blood            16 (2.6%)             7                  9
    Liver            2 (0.3%)              2                  0
    Pulmonary        7 (1.1%)              2                  5
    CNS              2 (0.3%)              2                  0
    Urinary tract    1 (0.2%)              1                  0
   Fungal            63 (11.1%)            37                 26
    Wound            12 (2.0%)             9                  3
    Bile duct        2 (0.3%)              2                  0
    Blood            19 (3.1%)             11                 8
    Liver            6 (1.0%)              6                  0
    Pulmonary        23 (3.8%)             8                  15
    CNS              5 (0.8%)              5                  0
    Urinary tract    21 (3.4%)             7                  14
    Re-transplants   54 (8.8%)             43 (11.0%)         11 (5.0%)
  Graft failures     87 (14.2%)            66 (16.8%)         21 (9.5%)
  Deaths             158 (25.8%)           104 (26.5%)        53 (24.1%)

LDLT -- living donor liver transplant, DDLT -- deceased donor liver transplant, CNS -- central nervous system

During a median follow-up period of 2.3 years (interquartile range: 2.6 years), 54 (8.8%) patients underwent a re-transplant. There were 87 (14.2%) graft failures and 158 (25.8%) deaths ([Table 1](#t0001){ref-type="table"}).

The most common type of infection encountered in the post-transplant period (median 2.3 years: IQ 2.6 years) was bacterial (35.3%) followed by fungal (11.1%) and viral (4.2%). The most common bacterial infections observed were bacterial blood infections (103/219, 47.0%). Pulmonary infections (23/63, 36.5%) formed the majority amongst those who experienced fungal infections while blood infections (16/27, 59.3%) were in preponderance amongst those who experienced viral infections. The rates of infection were similar between the two groups.

[Figure 1](#f0001){ref-type="fig"} shows deaths, graft failures and re-transplants amongst LDLT versus DDLT patients. There was no significant difference in mortality rate between patients receiving LDLT and those receiving DDLT (*p* = 0.787) ([Fig. 1A](#f0001){ref-type="fig"}). Patients receiving DDLT had better rates of graft survival compared to LDLT (*p* = 0.008) ([Fig. 1B](#f0001){ref-type="fig"}). The rates of re-transplant free survival were better in DDLT than LDLT (*p* = 0.0023) ([Fig. 1C](#f0001){ref-type="fig"}).

![**A)** Deaths in recipients of Adult-to-Adult Living Donor Liver Transplantation Study (A2ALL) cohort: living donor liver transplants (LDLT) (*n* = 392) versus deceased donor liver transplants (DDLT) (*n* = 219). **B)** Graft failures in recipients of A2ALL cohort: LDLT (*n* = 392) versus DDLT (*n* = 219). **C)** Re-transplants in recipients of A2ALL cohort: LDLT (*n* = 392) versus DDLT (*n* = 219)](CEH-4-31796-g001){#f0001}

Patients with the first infection in the early-late period were 1.7 times more likely to die (*p* = 0.004) and 2.3 times more likely to have graft failures (*p* = 0.003) compared to those having an early first infection ([Fig. 2](#f0002){ref-type="fig"}). Patients with late first infection were similarly 1.8 times more likely to die (*p* = 0.015)) and 9 times more likely to have graft failures (*p* \< 0.001) compared to patients with early first infection ([Fig. 2](#f0002){ref-type="fig"}).

![Forest plot showing effect of early (≤ 30 days), early-late (\> 30 days ≤ 1 year) and late infections (\> 1 year) on post-transplant outcomes in Adult-to-Adult Living Donor Liver Transplantation Study (A2ALL) cohort: deaths/graft failures.](CEH-4-31796-g002){#f0002}

The occurrence of first post-transplant infection over the follow-up period in the whole group is shown in [Figure 3A](#f0003){ref-type="fig"}. 150 patients out of the total of 611 experienced first post-transplant infection, the majority of which were bacterial. Amongst the patients available for survival analyses, out of a total of 219 DDLT patients, 74 (33.8%) experienced a bacterial infection, while amongst the 392 LDLT patients, 141 (36.0%) experienced a bacterial infection. [Figure 3B](#f0003){ref-type="fig"} displays the overall survival of DDLT versus LDLT patients experiencing first post-transplant bacterial infection. LDLT patients seemed to have better survival rates after experiencing bacterial infections than DDLT (*p* \< 0.001). The DDLT patients without bacterial infection had the highest overall survival rates, followed by LDLT without bacterial infection, followed by LDLT with bacterial infection and lastly DDLT with bacterial infection ([Fig. 3B](#f0003){ref-type="fig"}).

![**A)** Years to first infection in recipients of Adult-to-Adult Living Donor Liver Transplantation Study (A2ALL) cohort: 150 patients had a first infection of some type. **B)** Deaths in patients with bacterial infections: living donor liver transplants (LDLT) (*n* = 392) versus deceased donor liver transplants (DDLT) (*n* = 219). **C)** Graft failures in patients with bacterial infections: LDLT (*n* = 392) versus DDLT (*n* = 219)](CEH-4-31796-g003){#f0003}

[Figure 3C](#f0003){ref-type="fig"} presents the Kaplan-Meier (KM) plots for graft survival amongst DDLT versus LDLT patients experiencing post-transplant bacterial infections. The effects of bacterial infection on graft survival rates were similar to the overall group, with highest rates of graft survival of DDLT without bacterial infection, followed by LDLT without bacterial infection, followed by DDLT with bacterial infection, and the lowest rates of graft survival of LDLT with bacterial infection (*p* = 0.0006).

The viral and fungal infections were not explored over time due to low post-transplant occurrence of these infections.

Discussion {#sec4}
==========

The A2ALL study reported significant superiority of LDLT graft survival rates over DDLT after the first 20 cases at each centre \[[@cit0010]\]. It also reported post-transplant complications to be more commonly biliary-related and hepatic artery thrombosis amongst LDLT recipients, while ascites, intra-abdominal bleeding, cardiac complications and pulmonary oedema were more common in DDLT recipients \[[@cit0014]\]. The current study based on 612 A2ALL participants receiving LDLT and DDLT demonstrates that early-late and late first infection after transplant is a significant predictor of poorer post-transplant outcomes in recipients of both living and deceased donors ([Fig. 2](#f0002){ref-type="fig"}) Furthermore, in this post-hoc analysis post-transplant bacterial infection was associated with poorer overall survival rates amongst DDLT recipients than LDLT (*p* \< 0.001) ([Fig. 3B](#f0003){ref-type="fig"}).

The most common bacterial infections encountered by A2ALL patients were bloodstream infections (103/215). The preponderance of bacterial bloodstream infections (33.3%) amongst others has been reported before \[[@cit0007]\]. Identified risk factors for bloodstream infections after liver transplants include diabetes mellitus, hypoproteinaemia, catheterization, preoperative massive effusion or ascites, preoperative *Staphylococcus aureus* carriage, post-transplant haemodialysis, operative blood loss, reoperation, need for mechanical ventilation, and bile duct complications \[[@cit0021]-[@cit0024]\]. Many of these factors have been reported in the A2ALL group \[[@cit0014]\], supporting the previously reported findings. Fungal infections were also found comparative (11.1%) to previously reported findings of 5% to 42% \[[@cit0025], [@cit0026]\].

We report the timing of first post-transplant infection and its effects on outcomes in both LDLT and DDLT patients ([Fig. 2](#f0002){ref-type="fig"}). There was no significant difference between these effects in LDLT versus DDLT (*p* = 0.754), but we found that early-late first infection is associated with a 1.7 (*p* = 0.004) times higher mortality rate and 2.3 (*p* = 0.003) times higher graft failure rate than early first infection in the overall A2ALL group (including both LDLT and DDLT). On further exploration, we found that late first post-transplant infections had an even greater effect on outcomes ([Fig. 2](#f0002){ref-type="fig"}). Early, intermediate and late post-transplant infections have been described well in solid organ transplants \[[@cit0005]\], but data on the timing of post-transplant infection and its effects on outcomes are limited in liver transplants. It has been reported by Hamandi *et al*. that infectious complications in solid organ transplants require hospitalisation in 603 of 1414 readmissions at a rate of 0.43 episodes per 1000 transplant-days (95% CI: 0.40-0.47), with 85% occurring after 6 months following transplantation \[[@cit0006]\]. Conversely, Tu *et al*. report most post-DDLT infections (61.9%) occurring within the first week of transplant, and the 1- and 3-year survival rates without infection significantly increased compared with recipients with infection (*p* = 0.007) \[[@cit0027]\]. It is important to know the timings, rate and type of infections after LDLT and DDLT since these infections are not just a controllable risk factor for failure but there has also been a recent quest for markers such as neopterin, associating 1-year posttransplant infections with mortality \[[@cit0028]\].

Moreover, bacterial infections after liver transplant have also been reported to increase mortality, hospital stays and hence healthcare costs \[[@cit0029]\]. In this study, we report better overall survival rates of LDLT with post-transplant bacterial infection than DDLT with infection (*p* \< 0.001). The graft survival rates of DDLT patients with post-transplant bacterial infections was however superior to LDLT with post-transplant bacterial infections (*p* = 0.0006). The reasons behind the overall survival benefit of LDLT with bacterial infection and the graft survival benefit of DDLT with bacterial infection remain uncertain due to interactions of infection and immunosuppression. Trevizol *et al*. identified nosocomial spread and inappropriate antibiotic use as reasons for a mortality rate of 46.7% in post-transplant recipients with *Pseudomonas* infections \[[@cit0007]\]. It is probable that improvement in these factors, development of sensitive microbiologic immunoassays and genomic and proteomic markers may provide the potential for individualized immunosuppression and prophylactic strategies \[[@cit0030], [@cit0031]\] in LDLT recipients, since there was a reported decrease in DDLT graft failures of 7.8% and 10.3% at 6 months and 1 year, respectively, but no appreciable change in LDLT graft failures in 2014 \[[@cit0032]\]. The suggested causes of this difference between DDLT and LDLT failures have been small numbers of LDLT performed between 2008 and 2014 and the consistent increase in the severity of liver disease \[[@cit0032]\]. These numbers could be increased by upgrading standards of care for LDLT recipients such as infection control along with a dynamic assessment of immune status.

Ei *et al.* further reported that the rate of bacterial infection is much lower in the early enteral nutrition (EEN) group than in the total parenteral nutrition (TPN) group in LDLT patients \[[@cit0033]\]. It might be plausible to improve EEN in LDLT recipients to reduce bacterial infections and hence increase LDLT survival. Bacterial infections in general and bacteraemia in particular have been reported to be the major causes of post-transplant mortality \[[@cit0034]-[@cit0037]\]. Our findings of LDLT having higher survival rates with bacterial infections than DDLT highlight the importance of timely treatment and effective empirical therapy for potential bacterial pathogens in LDLT. These patients if monitored closely and evaluated by expert clinicians could become the answer to the scarcity of DDLT donations.

Re-transplant outcomes in DDLT versus LDLT were similar to the overall group. DDLT patients had higher re-transplant free survival rates than LDLT (*p* = 0.0023). Re-transplant has been a controversial topic because of decreased survival \[[@cit0008]\]. Studies have indicated that re-transplant candidates do not disadvantage primary transplant candidates on the waitlists, yet do experience waitlist mortality \[[@cit0038]\]. This means that risks such as post-primary-transplant bacterial infections need to be explored further for better LDLT outcomes. Articles have previously explored other factors in re-transplant failures and postulated surgical complexities and missed optimal timings as causes of mortality \[[@cit0039]\].

Conclusions
===========

LDLT patients seem to fare better with post-transplant bacterial infections than DDLT, and hence strict monitoring of these patients can help solve the problem of the scarcity of DDLT donors by improving outcomes in LDLT. Appropriate treatment of post-transplant bacterial infections could potentially increase the availability of transplant opportunities for patients facing this scarcity of organs.
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